We report the improvement in photostability of P3HT:PC60BM based bulk heterojunction solar cells deposited on Al-doped ZnO as a cathode layer replacing ITO as regularly used TCO in cells with N-I-P configuration. We experimentally and theoretically demonstrate that use of thicker ZnO:Al as cathode can successfully cut down the rate of photodegradation in short circuit current by ~40% and open circuit voltage by ~30% compared to the control device made on ITO based cathode. This effective reduction in photodegradation is understood to be coming from the absorption of ultraviolet and blue photon in the cathode layer itself. The loss in short circuit current due to the loss of blue photon in EQE is compensated by higher FF (lower series resistance) due to thicker ZnO:Al layer resulting in final device efficiency almost uncompromised with added benefit of reduced photo degradation. The experimental results are supported with optical simulations which show more absorption in the short wavelength region for the thicker ZnO films, compared to ITO films, deposited on glass substrates. This work also proposes using ZnO:Al cathode as a template for random textured front surface to potentially increase short circuit current by increase in photon absorption in active layer matrix by light scattering techniques. Our results provide an inexpensive pathway for improving the stability of organic photovoltaics without compromising the device performance. 
Introduction
There is considerable interest in recent time in organic material based solar cells due to their flexibility, convenience in tunability of their opto-electronic property etc. However various type of degradation both intrinsic [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] and extrinsic [12, 13, 14, 15] , present considerable amount of challenge to the complete realization in harnessing the full potential of such materials. There was considerable effort invested already to study, understand and engineer mechanism by which such degradation effects can be eliminated or to the best can be reduced considerably. It was proposed that organic material based solar cells are prone to light induced degradation even under inert atmosphere mainly due to the atomistic migration of either H or O within the polymer cluster along the backbone [9] . Such degradation was found to create electrically active mid-gap defect states shown in Figure 1A , which acts as a center of charge carrier recombination and generation which happen to be located at the interface of donoracceptor and they are shown to be energetically located around the mid-gap (0.55-0.6 eV) of the interface band gap. It is also noted that such defect states are meta-stable in nature and can be recovered with conjunction of appropriate device architecture and post degradation thermal annealing. [9, 10, 16] There are numerous attempts to eliminate or reduce the amount of photo-degradation which includes the use of in-organic amorphous silicon as electron transport layer (ETL) [17] , use of amorphous silicon filter, amorphous silicon-organic (in-organic/organic) tandem solar cells etc. [18, 19, 20] . The motivation behind all such work is to reduce the amount of ultraviolet and blue photon in the range of 350 nm to 500 nm which has sufficient energy to initiate the atomic migration of H from C-H bond [9, 21 16] in the aromatic chain resulting in the creation of interface defect states. Amorphous silicon, being a wide band gap material have capacity to absorb ultraviolet and blue photon while leaving the lower energy photon for active layer absorption and consequently photo-carrier generation. However, such efforts inherently involve complex process of PECVD high vacuum deposition of amorphous film. In addition, often the idea of using only filter of a:Si-H do reduces blue photon absorption and thus reduces short circuit current unless they can be used as a top cell for in-organic/ organic tandem solar cells. Here, we grew customized ZnO:Al by RF magnetron sputtering on regular glass substrates without any commercial ITO on them for fabricating organic solar cell as shown in Figure 1B .
There are several motivation for using ZnO:Al as a transparent conductive cathode for organic photovoltaic application. Indium based TCO's are widely used as transparent conductive electrode for solar cell as well as LED application since beginning of the research in this field.
However, Indium is a rare earth material and not available in abundance in the earth crust [22, 23, 24] . In addition, ITO has environment concern as mentioned in some literature [25] .
ZnO:Al, on the contrary is widely available material and very much cost effective in comparison to conventional ITO based TCO [26] . Next ZnO:Al can be easily deposited by RF magnetron sputtering with optimized electrical and optical property [27, 28, 29, 30] . Finally thicker ZnO:Al TCO can also be etched easily by dipping the film coated on glass in diluted HCl as per etching recipe reported elsewhere [31] , to obtain random roughened structure which can be used as both front and back end reflector that can scatter and rebound the incoming light resulting in increasing the light path inside the active medium of solar cell [32, 33] .
ZnO:Al has previously been used as a cathode for ITO-free inverted polymer solar cells.
However, the focus was to demonstrate improvement in efficiency from better transmittance of ZnO:Al cathode in the absorption band (λ ~ 500-600 nm) of organic solar cells [34] . In the present work, we experimentally and theoretically study the effective optimization of ZnO:Al cathode thickness to improve the photostability of organic solar cells without compromising the efficiency. We show the results of P3HT:PC60BM bulk heterojunction devices that were fabricated on optimized substrate coated with ZnO:Al cathode. We report the device results of four different N-I-P (inverted) bulk heterojunction devices fabricated on three different ZnO:Al film of different thickness and one control device prepared on regular ITO coated glass substrate.
We selected the best performing device out of the batch and performed the photodegradation testing. The device with optimized (thickness=1.25 um) cathode film shows almost 40% reduction in the rate of degradation of in-situ measured photo current.
Results and Discussion

ZnO:Al film fabrication and characterization
The electrical and optical properties of ZnO:Al have been widely studied by various research groups in the past. It is well-known that the increase in substrate temperature would result in increase of ZnO crystal size, resulting in enhanced charge carrier mobility. There are other ways to improve the crystal size of ZnO:Al thin films such as increasing RF power or sputter chamber pressure with minimum drop in transmission in visible spectrum [35, 36] . Higher RF power results in high deposition rate for a given temperature and sputter pressure, leading to the thicker ZnO:Al film. It has been shown that the intensity of the key XRD peak of ZnO:Al at 2θ=34.3 0 ((0 0 2) crystal plane) increases and becomes sharper as the film thickness increases, suggesting higher crystallinity. Similarly, for a given RF power and substrate temperature, higher sputter pressure increases films conductivity due to higher carrier mobility and carrier density with thicker film for a given time of deposition [36] . Finally, higher RF power was reported to yield lower sheet resistance for ZnO film without much degradation in visible spectrum transmittance [37] . Our initial objective was to obtain ZnO:Al film that has very high conductivity, transmission at visible spectrum comparable to regular ITO film and lower transmission at the wavelength between 400nm to 500 nm which are typically the major source of photo-induced degradation in organic solar cells. Such film characteristics can only be obtained with a thicker
ZnO:Al film with higher grain size and better crystallinity resulting in lower sheet resistance which is a prerequisite for photovoltaic application.
In our first step of optimization for deposition of ZnO:Al film, we used 2.5mTorr Argon pressure, substrate temperature of 150 C optimized before and varied RF power from 80 to 120
watt. The transmission of all the ZnO:Al films were measured by Carrie Spectrometer from 400 nm to 800 nm as shown in Figure 2 . The sheet resistances were measured using four-point probe technique and are reported in Table 1 . As we can see, increasing RF power actually increases the deposition rate and thus were able to obtain physically thicker film for a constant deposition time. With an obvious benefit of achieving lower sheet resistance at higher RF power, optical transmission was reasonably comparable to the ITO coated substrate which has a sheet resistance of roughly 16 Ohm/square. On an average, all ZnO:Al films mentioned in Table 1 Table 1 . The deposition was done for varying RF power and constant time. In the next step of optimization, we intend to reduce the blue photon transmission by fixing the deposition condition at 2.5 mTorr, 120 Watt RF power and 150 C substrate temperature for different deposition time. As can be seen in Figure 3 , the % transmission drops dramatically below 500 nm for thicker ZnO:Al film that were deposited by run no. 7964 with above deposition conditions. It must be noted that the film with 20 min run retains its % transmission around 80% from 530 nm onwards. Interestingly, increasing the deposition time led to a thick film of thickness roughly around 1.25 µm. This thicker film has higher crystallinity and greater free carrier concentration resulting in very low sheet resistance in the order of 7 Ohm/Square which is considerably lower than the regular ITO film. Thus, we were finally able to obtain a transparent conducting cathode whose transmission spectrum was purposefully truncated to restrict the blue photon access to the organic active bulk hetero-junction matrix to be fabricated on this optimized TCO coated substrate. In this paper we only report the result of device fabricated on the substrate prepared in run numbers mentioned in 
Solar cell device fabrication and characterization:
We used the standard deposition method of various layers including Cs2CO3 as ETL, P3HT:PC60BM (1:1) as bulk heterojunction active layer followed by deposition of hole transport layer and aluminum for hole collection. The detailed fabrication steps were discussed elsewhere [38] . It is to be noted that the purpose of Cs2CO3 is to pin the Fermi level of PCBM so that free 
Photodegradation measurements:
In our final step of experimentation, we selected the best performing device out of the batch and subjected the device to light soaking of 2x intensity under Abet Technologies (AM 1.5) solar simulator spectrum for roughly 2000 min. 2x intensity was chosen to accelerate the degradation process and collect the experimental data in a shorter span of time. The degradation testing was performed under inert atmosphere inside an environmental chamber which was initially pumped down to a pressure of 1x10 -6 torr, followed by backfilling of nitrogen to eliminate the impact of atmospheric oxygen and moisture. We used Device A for 2x intensity photo degradation study and compared it with a control device that was made with identical process condition but 
Optical simulations:
We perform rigorous scattering matrix simulations to support the experimental results presented in the previous section. In scattering matrix methodology, Maxwell's equations are solved in Fourier space in three dimensions for both polarizations of the incident wave. The entire solar cell structure is divided into different layers in z direction and the dielectric constant ε(x,y) in each layer is a function of spatial coordinates x and y. The total scattering matrix for the entire structure is obtained by convoluting the scattering matrix for each layer with continuity boundary conditions using a suitable recursion algorithm [39, 40, 41] . The scattering matrix yields the total reflectance, transmittance, and absorbance as a function of wavelength. The Fourier space methodology has the advantage of being able to solve fully 3D geometries without additional memory constraints.
We utilize the wavelength-dependent refractive index of ZnO:Al [42] and P3HT:PCBM [43] to obtain the optical properties of solar cell. The optical properties are calculated as a function of wavelength (equally-spaced, ∆λ=5 nm) for the light normally incident on the glass side of the structure. We first calculate the transmission characteristics of ZnO:Al layer of varying thickness deposited on a glass substrate ( Figure 8A ). It can be seen that the positions of maxima and minima in simulated transmission spectra of ZnO:Al layer match very well with the experimentally measured transmission spectra ( Figure 3 ). The notable feature is the decrease in transmission for wavelengths < 500 nm when thickness of ZnO:Al increases. This is because ZnO:Al shows absorption below λ<500 nm reducing the transmission significantly. The simulated transmission stays ~80-90% for wavelengths exceeding 500 nm. We also plot the transmission of ITO-coated glass substrate, with 120 nm thick ITO layer. As expected, the transmission of ITO-coated glass substrate is >90% for λ = 400-550 nm, and it stays ~80% for longer wavelengths (λ > 600 nm).
We now include this ZnO:Al as a cathode in organic solar cell and calculate the optical properties of full structure, that is, glass(700 mm)/ZnO:Al/P3HT:PCBM(200 nm)/Al(100 nm). Figure 8B shows the absorption in the organic layer as a function of wavelength for different ZnO:Al thickness in the solar cell. The absorption spectra correlates reasonably well with the experimentally measured EQE spectra of the solar cell in terms of the position(s) of maxima and minima ( Figure 8B ). The slight difference in the intensity of absorption spectra and absolute EQE can be expected since simulation assumes ideal internal quantum efficiency and neglects any electrical losses. It can be seen that as thickness of ZnO:Al increases, the absorption inside the organic layer decreases for λ < 500 nm. This is because there is more absorption in ZnO:Al at shorter wavelengths, resulting in decrease in absorption in the organic layer. As would be expected, there is a significant drop in absorption for λ > 650 nm, close to the band edge for P3HT:PCBM. 
Random roughened back reflector using etched ZnO:Al
Randomly textured ZnO:Al buffer layer has earlier been shown to increase the power conversion efficiency by 17.6% in ITO-based inverted organic solar cells [44] . We anticipate more future optimization of ZnO:Al cathode either by varying the process condition of ZnO:Al film or by the use of simple wet etching to produce random texture. Once the complete device is deposited on the random textured ZnO:Al cathode, the aluminum on conformal top surface would work as a random textured back reflector ( Figure 9A ) which theoretically should be able to increase the photon path length inside the active bulk heterojunction resulting in higher short circuit current with low photo-degradation. Our very initial result shows some promise in that direction. Figure   9B compares the ABS EQE of a control device prepared on ZnO:Al film with 15 min deposition time and an similar device fabricated on an etched ZnO:Al film with only 10 sec of etch in dilute
HCl. As can be seen in Figure 9 the there are some preliminary results show some increase in EQE especially in the blue region of 400-500 nm. We anticipate more work in that direction. 
Conclusion
In this work, we report the optimization of ZnO:Al transparent conducting oxide film deposited on glass substrate for the application as cathode (electron collecting layer) for organic bulk heterojunction solar cells. We found that the thicker ZnO:Al film with the thickness in the range of micron or more, would cut down the photons in the range of 400-500nm of the visible spectrum which are found and reported to be adequate source of photo-degradation in bulkheterojunction solar cells. Fabricated device on such thick ZnO:Al film tend to maintain their efficiency in spite of losing photo-current in the blue and ultra-violet range of spectrum because of improved FF as a result of very low sheet resistance. Such device with comparable efficiency to the control device shows almost 40% less drop in the short circuit current. The device performance can further be improved by careful optimization of ZnO:Al growth conditions. The thicker ZnO:Al film deposited with increased temperature and post deposition annealing might help to achieve lower sheet resistance leading to a pathway for improved efficiency without compromising the stability.
